Neuroborreliosis (NB) is a chronic infectious disease of the central nervous system caused by a tick borne spirochaete, Borrelia burgdorferi (Bb). In addition to direct effects of the causative infectious agent, additional immune mediated mechanisms are thought to play a role in the central nervous system (CNS) pathology of NB. In order to further understand the involvement of humoral immune mechanisms in NB, we dissected the intrathecal antibody responses down to the single plasma cell level. Starting with single cell RT-PCR of FACS sorted cerebrospinal fluid plasma cells from a NB patient, we identified expanded clones and resurrected the antigen specificity of their secreted antibodies through recombinant expression of the correctly paired Ig heavy and light chain genes as monoclonal antibodies (mAb). As expected, we found specificity for the causative infectious agent Bb among the clonally expanded plasma cell (cePC) derived mAb. However, from an independent cePC of the same patient, we could derive mAbs specific for human CNS myelin, without detectable crossreactivity with Bb antigens. While reactivity against Bb is a known feature of humoral immune responses in NB, we show a) that immune responses specific for self antigens may be a distinct feature of CNS infections independent of pathogen reactivity and b) that humoral autoimmunity in NB -since found in cePC -is the result of a truly antigen driven immune response. Our findings indicate that in NB mechanisms may be at play that induce distinct immune responses specific for pathogen and self antigens independent from "molecular mimicry".
Introduction
Neuroborreliosis (NB) is a frequent and serious manifestation of Lyme borreliosis, caused by the tick-born spirochaete, Borrelia burgdorferii (Bb) (2)(5) (21) . It is a complex disease including a number of different possible clinical and pathological manifestations (18) such as meningitis, polyradiculitis, cranial neuritis and encephalomyelitis. Accordingly, diffuse white matter lesions have been demonstrated by magnetic resonance imaging in chronic disease courses (18) . Studies with cerebrospinal fluid (CSF) derived T lymphocytes demonstrated reactivity with Bb derived antigens but also clones specific for central nervous system (CNS) self antigens (16) . Further studies found Bb-specific T cells cross-reacting with self antigens suggesting molecular mimicry to be responsible for autoimmune mechanisms leading to chronic disease manifestation (14) (11) .
A common characteristic of NB are oligoclonal immunoglobulins (OCB) in the CSF, a feature suggesting the presence of a CSF specific antigen driven immune response. Analysis of immunoglobulins (Ig) in the CSF has revealed specificity for Bb (10)(15) but also for CNS autoantigens (12) . However, mechanisms underlying Bb directed humoral immune defense and CNS tissue damage still remain poorly understood and a more in-depth characterization of the focused antibody response in the CSF has been hampered by both the limited availability and oligo/polyclonal composition of CSF Ig. Because clonally expanded plasma cells (cePC) are thought to be the producers of OCB, the recombinant reconstruction of cePC derived antibodies would be expected to provide valuable information on immunologic properties of antigen driven immune responses in the CSF of patients with NB.
In order to accurately dissect the various antigen specificities produced by CSF-derived cePC we applied an experimental approach allowing the reconstitution of their antigen specificities. We amplified the paired rearranged IgG heavy (H) and light (L) chain genes of Among the mAb derived from the cePC of a patient with NB we found a diverse pattern of specificities. On the one hand, we found -as expected -reactivity with Bb confirmed by ELISA, immunofluorescence and immunoprecipitation. On the other hand, recombinant mAbs derived from a different expanded CSF plasma cell clone revealed reactivity with CNS self antigens in immunofluorescent stainings of human facial nerve and white matter tissue without crossreactivity to Bb. These findings suggest that aside from pathogen directed humoral immune responses, immunopathological mechanisms occurring in CNS infectious disease may also evoke autoimmunity. Additionally our findings imply that apart from "molecular mimicry" additional mechanisms may be responsible for the induction of autoimmune reactivity.
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Material and Methods
Patient data and hybridoma cell line
This study was approved by the local ethics committee. CSF was obtained from a 41 year old male patient with neuroborreliosis. On admission (July 25, 2004) , he presented with bilateral peripheral facial nerve palsy, mild clinical signs of meningism, fading erythema chronicum migrans (ECM) on the left side of the chest and burning dysesthesias in a number of dermal segments. The patient had first noticed an ECM approximately 3-4 weeks earlier but did not remember a tick-bite in the days before the ECM appeared. However, he reported having had a number of tick bites a few months prior to the ECM without having noticed any additional clinical symptoms. The first CSF analysis at the day of admission revealed a pleocytosis of 190 cells/µl (95% lymphocytes), elevated levels of lactic acid and total protein (glucose levels were normal), positive oligoclonal bands and signs of intrathecal production of Bb-specific IgM and IgG. We cannot exclude that this intrathecal Bb specific immune response had been elicited by an infection with Bb preceding the one which caused the ECM. Upon diagnosis of neuroborreliosis (Bannwarth meningopolyneuritis) the patient was treated with i.v. ceftriaxone for 14 days. The second CSF analysis (August 5, 2004) , which was performed to monitor treatment response and was also used for the experiments described below, showed a decreasing pleocytosis (118 cells/ul (98 % lymphocytes, 2 % plasma cells) and persisting oligoclonal bands.
Cell labeling and single cell sorting
CSF CD138+ plasma cells were labeled with an anti-human CD138 mAb (Serotec). Single performed on Ig genes that had been amplified from more than one plasma cell with primers containing restriction sites as described (22) . Ig H and L chain PCR products were cloned into vectors containing the C region of human IgG1, IgKappa or IgLambda (kindly provided by Dr. H. Wardemann) as described (22) . V regions of 8-18c5 H and L chain genes were amplified from 8-18c5 hybridoma cells (kindly provided by Dr. C. Linington) mRNA by RT-PCR using mouse Ig specific primers (4) and cloned into the expression vectors described above.
Antibody production and purification
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on October 2, 2017 by guest http://iai.asm.org/ Downloaded from 293-T human embryonic kidney fibroblasts were co-transfected with Ig H and L chain encoding plasmid DNA as described (7) . Transfected cells were cultured in serum free media and IgG purified from supernatants using protein G columns (Amersham). Three mAb (RA17, RA20, RA77), originally produced by CSF cePCs of patient RA, and chimeric 8-18c5 (hu8-18c5) were recombinantly produced with this system. Murine hybridoma derived 8-18c5 antibody (m8-18c5, specific myelin oligodendrocyte glycoprotein (MOG)) was a kind gift of Dr. C. Linington. Where desired, purified antibodies were biotinylated following the manufacturer's instructions (SIGMA).
ELISA
Maxisorp ELISA plates (Nunc) were coated overnight at 4°C with 50 ug/ml Bb protein lysate (kindly provided by Dr. O. Péter), 50 ug/ml E.coli protein lysate or 2.5 ug/ml purified recombinant Borrelia afzelii p41 antigen (PKo) (Mikrogen). Plates were blocked with 1 % BSA (SIGMA, St Louis, Mo). After washing, 10 ug/ml recombinant human antibody or 1 ug/ml goat polyclonal anti-E.coli antibody (abcam) in PBS/1% BSA was incubated for 1 hour at 37 °C. Bound antibody was detected by horseradish peroxidase-conjugated goat anti-human IgG+IgM (1:100.000, Jackson ImmunoResearch), peroxidase-conjugated rabbit anti-goat IgG (1:10.000, abcam) or streptavidin-peroxidase conjugate (SA-HRP, 1:500, SIGMA).
Enzymatic activity was revealed by TMB (Pierce) and quantified at 450 nm using a microplate reader (Bio-Rad).
Competition Assays
Initially, saturation experiments were conducted to obtain the half-maximal binding capacity (hu8-18c5), respectively. Bound biotinylated antibodies were detected with SA-HRP and TMB as described above. Competition experiments of biotinylated versus non-biotinylated antibodies were conducted to obtain the affinity of RA77 for Bb lysate or recombinant p41, and m8-18c5 or hu8-18c5 for rMOG. Increasing concentrations of non-biotinylated antibodies were added to ELISA wells coated with the respective antigens in the presence of the previously determined 50% saturation concentration of the corresponding biotinylated antibody. After 1 h at 37 °C, wells were washed and bound biotinylated antibodies detected by SA-HRP and TMB. The affinity (Ki) was calculated according to Cheng and Prusoff (8) .
Immunoprecipitation
Protein G sepharose (Amersham) was incubated with RA77 or human IgG1 (Fitzgerald) in PBS for 3 hours at 4 °C. The sepharose-antibody complex was washed once and resuspended in IP-buffer (20mM HEPES, 5mM MgCl, 0.05% NP40, 120mM NaCl, and protease Inhibitors (Roche)) and Bb lysate was added. Reactions were incubated overnight at 4 °C, centrifuged at 500g and resuspended in IP-buffer. The resuspended sepharose was added onto pre-equilibrated empty columns (Amersham) and washed with IP buffer.
Immunoprecipitated proteins were eluted with 0.1 M glycine buffer at pH 3 and separated by reducing SDS/PAGE. Proteins were visualized by silver staining (Pierce). Bands for MALDI analysis were excised from duplicate gels stained with Coomassie Blue (Pierce). 
MALDI-TOF Analysis
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Results
Recombinant expression of mAbs preserves both antigen specificity and affinity
In pilot experiments we evaluated the fidelity of the eukaryotic expression system used in our study. We generated a chimeric antibody (hu8-18c5) consisting of murine V and human C regions from the well-characterized murine hybridoma 8-18c5, which is specific for MOG.
Experiments comparing the resulting recombinant antibody hu8-18c5 and the original murine antibody (m8-18c5) confirmed that our methodology preserves the antigen specificity and affinity of the original antibody (not shown).
RT-PCR analysis of individual FACS sorted plasma cells from NB CSF demonstrates clonal expansions
Eighty-eight CD138+ plasma cells were sorted into wells of a 96 well PCR-plate at a ratio of 1 cell/well. RT-PCR of Ig genes yielded Ig H chain amplicons and corresponding sequence information from 54 out of 88 (61.4%) individual plasma cells. By assembly of expressed Ig H chain V region genes in groups of sequences sharing identical H chain CDR3 regions, we were able to discern 3 independent cePC (RA17, RA20 and RA77; Tab. 1). Matching Ig L chain gene amplicons were obtained for each of the 3 cePC. The H and L chain V region genes expressed by all 3 cePC showed some deviations from the most homologous germline segments (Tab. 1). In addition, H chain V region genes of the RA17 group of sequences obtained from 4 individual plasma contained nucleotide mutations (not shown); no mutations were found in the RA20 and RA77 groups of sequences. As a number of
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on October 2, 2017 by guest http://iai.asm.org/ Downloaded from precautions had been taken to avoid cross contamination between wells of PCR plates (see Materials and Methods), and we also obtained several additional "unique" sequences from other plasma cells analyzed in the same PCR experiment, we expect sequences of 100% homology as observed in the RA20 and RA77 groups of sequences to not be the product of contamination. Table 1 valaisiana) while -in contrast to a commercial anti-E.coli positive control antibody (data not shown) -no binding to E.coli could be detected (Fig. 1A) . No significant binding to any Borrelia strain could be detected for RA17 and RA20 (Fig. 1A) . To further investigate Borrelia specificity of RA77 and rule out possible cross-reactivity with other spirochaetes we performed immunofluorescence experiments with Bb and Tp attached to microscopy slides.
While specific binding of RA77 to Bb could be confirmed, no binding to Tp could be detected (Fig. 1B-G) .
In immunoprecipitation experiments using RA77 together with Bb lysate, a protein band of approximately 40 kDa was detectable in the precipitate. In the control immunoprecipitation with hIgG1 no band additional to the expected immunoglobulin H and L chain bands was detected ( Fig. 2A) . MALDI-TOF analysis of the 40 kDa band revealed peptide masses matching theoretically derived masses from tryptic-digested flagellin protein p41 of Bb.
ELISA experiments with purified recombinant p41 flagellum protein confirmed the result from mass spectrometry (Fig. 2B) . Competition experiments using RA77 and native Bb lysate
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Recombinant antibody RA17 is specific for auto-antigens in CNS myelin
Immunofluorescence stainings of cryostat sections of frozen human facial nerve tissue showed reactivity of RA17 with the myelin component of the nerve, as identified with costainings with the myelin specific antibody 8-18c5 (Fig. 3F-G) . Further immunofluorescence stainings on human white matter tissue revealed a specificity of RA17 for structures also stained with the myelin antibody 8-18c5 (Fig. 3A, D) . The structures stained by RA17 enfold neurons, as demonstrated by double immunofluorescence staining with a neurofilament specific antibody, thus indirectly confirming the myelin reactivity of RA17 (Fig. 3E) . Neither Borrelia specific RA77 antibody, nor antibody RA20, nor human IgG1 isotype control showed any reactivity with human CNS tissue (Fig. 3B-C) . None of the antibodies examined (RA17, RA20, RA77) showed staining above controls with human colon (Fig. 3H-K) , kidney and lung tissues (not shown)
Discussion
In order to investigate characteristics of the humoral immune response in the CSF of a patient with a typical course of NB, we sought to resurrect antigen specificities of antibodies from CSF derived cePC by recombinant reconstruction of their secreted IgG. Instead of analyzing the clonally diverse CSF Ig itself, we dissected the antigen driven immune responses in the CSF down to a clonal level, which made it possible to discern the antigen specificity of individual expanded CSF plasma cell clones. We validated our system by recombinant expression of a well-characterized monoclonal antibody (8-18c5),
A C C E P T E D
on October 2, 2017 by guest http://iai.asm.org/ Downloaded from demonstrating that our methodology preserves both specificity and affinity of the antibodies secreted by the "original" antibody-producing cell.
By means of assembly of Ig H chain sequences with identical CDR3-regions, we were able to identify three expanded plasma cell clones in the CSF of a patient with NB (RA17, RA20 and RA77). The VH sequences (n=4) contained in the RA17 group revealed a number of nucleotide mutations suggesting that these sequences were the result of somatic hypermutation during affinity maturation. No mutations were found in the RA20 and RA77 groups of sequences. However, a comparison with germline V region segments revealed mutations in the H and L chain V region sequences contained in all groups (Table 1) Because the patient whose cePC we used in this study suffered from facial nerve palsy, a common clinical presentation of NB, we investigated a possible specificity of RA17, RA20
and RA77 for facial nerve tissue. Interestingly, one of these antibodies, RA17 displayed reactivity with this tissue. To further evaluate the tissue components RA17 is specific for, we performed double immunofluorescence staining with a myelin specific antibody (8-18c5), which strongly suggested myelin reactivity of RA17. Though not overlapping completely, costaining with the 8-18c5 antibody and RA17 indicated reactivity with identical structures, namely myelin. However, myelin reactivity of RA17 was not limited to facial nerve tissue but also applied to CNS white matter myelin. Double stainings with RA17 and a neurofilament specific antibody indirectly confirmed this notion, as RA17 stained structures enfolding neurons. Immunofluorescence stainings with RA17 on a number of different human control tissues (colon, kidney, lung) yielded negative results, suggesting CNS restricted reactivity.
This autoimmune reactivity is consistent with previous studies, hypothesizing that the immune responses taking place in NB may also bear autoimmune features (11) . The origin of autoimmunity in NB could be due to either crossreactivity of Borrelia-specific antibodies with
on October 2, 2017 by guest http://iai.asm.org/ Downloaded from epitopes shared with human tissues ("molecular mimicry"), such as observed in Lyme arthritis (9) or an immune response triggered by the emergence of novel epitopes during infection mediated tissue destruction (19) . Because no reactivity of RA17 with Bb was observed, in the case of this mAb the latter hypothesis may be favored. While we could determine the specificity for the cePCs RA17 and RA77, the antigens that originally drove the B cell response into clonal expansion and final stage maturation into plasma cells within the CNS compartment remain undetermined for RA20. Nevertheless, our data suggest that autoimmunity is a feature represented within the cePC repertoire analyzed here. Future work will bring further insight into the functional role of such auto-reactive antibodies in NB.
In conclusion, by recombinant reconstruction of the antigen specificities of antibodies secreted by individual expanded CSF plasma cell clones, we were able to dissect complex repertoires of the adaptive immune system in response to CNS infection with Bb. We provide evidence that the antigen driven immune response in NB, not only results in highly affine pathogen-specific antibodies, but can also lead to the generation of humoral autoimmunity apparently independent from mechanisms such as "molecular mimicry".
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